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High Statistics Search fornmsssnmddd ! nesssneddd Oscillations in the Small Mixing Angle Regime
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Limits on nmsnmd ! nesned oscillations based on a statistical separation ofneN charged current
interactions in the CCFR detector at Fermilab are presented. Neutrino energies range from 30 to
600 GeV with a mean of 140 GeV, andnm flight lengths vary from 0.9 to 1.4 km. The result excludes
oscillations in the region with sin2 2a . 1.8 3 1023 for largeDm2 s.1000 eV2d andDm2 . 1.6 eV2

for sin2 2a  1. This result is the most stringent limit to date forDm2 . 25 eV2 and it excludes
the high Dm2 oscillation region favored by the LSND experiment. Thenm-to-ne cross-section ratio
was measured as a test ofnmsnmd $ nesned universality to be1.026 6 0.025sstatd 6 0.049ssystd.
[S0031-9007(97)02886-X]
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The existence of neutrino mass and mixing would ha
important implications for fundamental problems in bo
particle physics and cosmology. These include violati
of lepton family number conservation, the mass of th
Universe, and the observed neutrino deficits from the s
and from atmospheric sources. Neutrino oscillations a
a necessary consequence of nonzero neutrino mass
mixing since neutrinos are produced and detected in
form of weak-interaction eigenstates whereas their mot
as they propagate from the point of production to the
detection is dictated by the mass eigenstates [1]. In
two-generation formalism, the mixing probability is

Psn1 ! n2d  sin2 2a sin2

√
1.27Dm2L

En

!
, (1)

where Dm2 is the mass squared difference of the ma
eigenstates in eV2, a is the mixing angle,En is the
incoming neutrino energy in GeV, andL is the distance
between the point of creation and detection in km.

To date the best limits from accelerator experiments
nm ! ne oscillations come from fine-grained calorimetri
(e.g., BNL-E734 [2], BNL-E776 [3]) or fully active
detectors (e.g., KARMEN [4], LSND [5]) searching fo
quasielastic charged current production of electrons. T
LSND experiment, using a liquid scintillator neutrino
target, has reported a signal consistent withnm ! ne

oscillations at a sin2 2a ø 1022 and Dm2 * 1 eV2 [5].
The CCFR collaboration has previously reported a lim
on nm ! ne oscillations using the ratio of neutral to
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charged current neutrino events comparable in sensitiv
to the above mentioned limits [6].

In this Letter we present new limits onnm ! ne

oscillations based on the statistical separation ofneN
charged current interactions.

The CCFR detector [7,8] consists of an 18 m long
690 ton total absorption target calorimeter with a mea
density of 4.2 gycm3, followed by a 10 m long iron
toroidal spectrometer. The target consists of 168 ste
plates, each3 m 3 3 m 3 5.15 cm, instrumented with
liquid scintillation counters placed every two steel plate
and drift chambers spaced every four plates. The sepa
tion between scintillation counters corresponds to six rad
ation lengths, and the ratio of electromagnetic to hadron
response of the calorimeter is1.05. The toroid spectrom-
eter is not directly used in this analysis which is based o
the shower profiles in the target calorimeter.

The Fermilab Tevatron Quadrupole Triplet neutrino
beam is a high-intensity, non-sign-selected wideban
beam with an:n flux ratio of about2.5:1 and usable
neutrino energies up to 600 GeV. The production targ
is located 1.4 km upstream of the neutrino detector an
is followed by a 0.5 km decay region. The resulting
neutrino energy spectra fornm, nm, ne, and ne induced
events are shown in Fig. 1. The beam contains a 2.3
fraction of electron neutrinos, 82% of which are produce
from K6 ! p0e6ns2d

e .
The neutrino interactions observed in the detector ca

be divided into three classes depending on the type of t
© 1997 The American Physical Society



VOLUME 78, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 14 APRIL 1997

t

s
e

t
r

n

d

o

u
o
i

e

e
e
h

h
e

d

r.
f

t
a

y-

e
d

s

t
e
in

n

g

d
r

-
n
-

le

y

FIG. 1. Neutrino energy spectra fornm, nm, ne, andne at the
CCFR detector for the FNAL wideband neutrino beam (Mon
Carlo based on relativenm andnm fluxes).

incoming neutrino and on the interaction type:

1. nmN ! m2X fnm charged currentsCCd eventsg .

2. nm,eN ! nm,eX fnm,e neutral currentsNCd eventsg .

3. neN ! eX sne CC eventsd .

All three types of neutrino interactions initiate a ca
cade of hadrons that is registered by the drift chamb
and scintillation counters. Thenm CC events are char-
acterized by the presence of a muon produced in
final state which penetrates beyond the end of the had
shower, depositing energy characteristic of a minimu
ionizing particle [7] in a large number of consecutive sci
tillation counters. Conversely, the electron produced in
ne CC event deposits energy in a few counters imme
ately downstream of the interaction vertex which chang
the energy deposition profile of the shower. The electr
magnetic shower is typically much shorter than the hadr
shower and the two cannot be separated for ane CC event.

In this analysis four experimental quantities are calc
lated for each event: the length, the transverse vertex p
tion, the visible energy, and the shower energy deposit
profile. The event length is determined to be the num
ber of scintillation counters spanned from the event vert
to the last counter with a minimum-ionizing pulse heigh
The mean position of the hits in the drift chamber imm
diately downstream of the interaction vertex determin
the transverse vertex position. The visible energy in t
calorimeter,Evis, is obtained by summing the energy de
posited in the scintillation counters from the interactio
vertex to five counters beyond the end of the shower. T
shower energy deposition profile is characterized by t
ratio of the sum of the energy deposited in the first thr
scintillation counters to the total visible energy. Accord
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ingly, we define

r3  1 2
E1 1 E2 1 E3

Evis
, (2)

where Ei is the energy deposited in theith scintillation
counter downstream of the interaction place.

The most downstream counter with energy deposite
from the products of the neutrino interaction (CEXIT)
occurs at the end of the hadron shower fornm NC and
ne CC events but is determined by the muon track for
most nm CC events. We isolate the events without a
muon track by requiring CEXIT to be no more than ten
counters downstream from the end of the hadron showe
We parametrize the event length which contains 99% o
such events as

LNC  4 1 3.81 lnsEvisd . (3)

In order to measure the number ofne CC events we
divide the neutrino events into two classes: “short” if
they deposit energy over an interval shorter thanLNC,
and “long” otherwise. The long events consist almos
exclusively of class 1 events, while the short ones are
mixture of class 2, class 3, and class 1 events with a low
energy muon which cannot be separated on an event-b
event basis.

Based on Lund studies, we assume that for the sam
shower energy, the hadron showers produced in NC an
CC interactions are the same. Any difference in the
shower energy deposition profile of long and short event
is attributed to the presence ofne CC interactions in the
short sample. To compare directly the long and shor
events a muon track from the data was added to th
short events to compensate for the absence of a muon
NC events. Thenm CC events with a low energy muon
contained in the short data sample now have two muo
tracks. The fraction,f, of such events was estimated from
a detailed Monte Carlo of the experiment to be in the
range of 20%. These events were simulated by choosin
long events with the appropriate energy distribution from
the data to which a second short muon track was adde
in software. The length of the short track and the angula
distribution were obtained from a Monte Carlo ofnm CC
events.

To simulatene interactions in our detector we assume
nm 2 ne universality. The electron neutrino showers
were generated by adding a GEANT [9] generated elec
tromagnetic shower of the appropriate energy to events i
the long data sample. The energy distribution of the elec
tron neutrinos and the fractional energy transfery were
generated using a detailed Monte Carlo simulation of the
experiment. Since the hadron showers in the long samp
already have a muon track, thene sample can be com-
pared directly with the short and long events.

The long and shortr3 distributions were further cor-
rected by subtracting the contamination due to cosmic ra
events. The cosmic ray background was estimated from
2913



VOLUME 78, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 14 APRIL 1997

and

ed
of

an
ber
n

of
ted
e

the

ur
e
ce
the

le
to
te
ve
the event sample collected during a beam off gate usi
an identical analysis procedure as for the data gates. A
ditionally, ther3 distribution of shortnm CC events, nor-
malized to the predicted fractionf, was subtracted from
the short event sample. Ther3 distributions for short,
long, andne events for various energy bins are shown i
Fig. 2.

For this oscillation search we measure the absolu
flux of ne ’s at the detector and compare it to the flu
predicted by a detailed beam line simulation [10]. An
excess could be interpreted as a signal ofnm ! ne

oscillations. Thenm flux was determined directly from
the low hadron energy CC event sample, normalized
the total neutrino cross section [11]. The same bea
line simulation is used to tag the creation point o
each simulatednm along the decay pipe, and give the
number of predictednm’s at the detector normalized to
the number observed at the detector divided by1 2

Psnm ! ned, where Psnm ! ned  Psnm ! ned is the
oscillation probability determined from Eq. (1), assumin
CP invariance. The predicted electron neutrino flux i
normalized to theproducednumber ofnm’s. Thene flux
from neutrino oscillations is calculated by multiplying the
producednumber ofnm’s by Psnm ! ned.

The events selected are required to deposit a minimu
of 30 GeV in the target calorimeter to ensure comple
efficiency of the energy deposition trigger. Additionally
we require the event vertex to be more than five counte
from the upstream end of the target and five counte
plus the separation length from the downstream end a
less than 127 cm from the detector center line. Th

FIG. 2. r3 distributions for short (solid line), long (dashed
line), and ne (dotted line) events in four of the energy bins
studied. Thene and long distributions are normalized to the
respective number of events predicted by the fit.
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resulting data sample consists of 632 338 long events
291 354 short ones.

To extract the number ofne CC events in each of
15 Evis bins, we fit the corrected shape of the observ
r3 distribution for the short sample to a combination
nm CC andne CC distributions with appropriate muon
additions:

nmNCs1md  anmCC 1 bneCCs1md . (4)

Thex2 of the fit in each of the 15Evis bins ranges from
33.2 to 77.7 for 41 degrees of freedom (DoF) with a me
value of 48.4. Figure 3 shows that the measured num
of ne CC’s agrees with the Monte Carlo prediction i
each energy bin. Thex2 value with a no-oscillations
assumption is9.97y15 DoF.

The major sources of uncertainties in the comparison
the electron flux extracted from the data to that predic
by the Monte Carlo are (i) the statistical error from th
fit in the extraction of thene flux and (ii) the error in
the shower shape modeling, estimated by extracting
ne flux using two definitions ofr. Analogous to the defi-
nition of r3 given in Eq. (2), we definer4 to be the ratio
of the sum of the energy deposited outside the first fo
scintillation counters to the total visible energy. If th
modeling of the showers were correct, the differen
in the number of electron neutrinos measured by

FIG. 3. Number of electron neutrinos as a function of visib
energy. For electron neutrinos the visible energy is equal
the total neutrino energy. The filled band shows the Mon
Carlo prediction assuming no oscillations. The dotted cur
corresponds tonm ! ne oscillations with Dm2  2000 eV2

and sin2 2a  0.01 and the dashed curve toDm2  100 eV2

and sin2 2a  0.01.



VOLUME 78, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 14 APRIL 1997

to

.

two methods should be small; any difference is used
estimate the systematic error. Since this error was sho
not to be correlated among energy bins, we add it
quadrature to the statistical error from the fit and take th
to be the combined basic error. The error bars on th
data points in Fig. 3 show the size of this error whic
is dominated by the statistical error from the fit. (iii)
The 1% uncertainty in the absolute energy calibratio
of the detector changes the relative neutrino flux whic
is extracted using the subset of the data sample w
low hadron energy [11] by 0.4% on average. (iv) Th
uncertainty in the incident flux ofne’s on the detector is
estimated to be 4.1% [10]. This error is dominated b
a 20% production uncertainty in theKL content of the
secondary beam which produces 16% of thene flux. The
majority of thene flux comes fromK6

e3
decays, which are

well constrained by the observednm spectrum fromK6
m2

decays [10]. Other sources of systematic errors were a
investigated and found to be small.

The data are fit by forming ax2 which incorporates
the Monte Carlo generated effect of oscillations, th
basic error, and terms with coefficients accounting fo
systematic uncertainties. A best fit sin2 2a is determined
for each Dm2 by minimizing the x2 as a function
of sin2 2a and these systematic coefficients. At al
Dm2, the data are consistent with no observednm ! ne

oscillations. The statistical significance of the best-fi
oscillation at anyDm2 is at most0.3s.

The frequentist approach [12] is used to set a 90
confidence upper limit for eachDm2. The limit in sin2 2a

corresponds to a shift of 1.64 units inx2 from the
minimum. The 90% confidence upper limit is plotted
in Fig. 4 for nm ! ne. The best limit of sin2 2a ,

1.1 3 1023 is at Dm2  300 eV2. For sin2 2a  1,
Dm2 . 1.6 eV2 is excluded, and forDm2 ¿ 1000 eV2,
sin2 2a . 1.8 3 1023.

Under the assumption that there are no oscillation
these data can also be used to testnmsnmd $ nesned
universality by comparing the observedne flux to that
predicted by the Monte Carlo. From this comparison w
determine the ratio of the cross sections averaged over
flux to be sCCsnmdysCCsned  1.026 6 0.025sstatd 6

0.049ssystd. This is currently the most stringent test o
universality at high spacelike momentum transfer.

In conclusion, we have used the difference in the lon
gitudinal shower energy deposition pattern ofneN ver-
susnmN interactions to search fornm ! ne oscillations
with a coarse-grained calorimetric detector. We see a r
sult consistent with no neutrino oscillations and find 90%
confidence level excluded regions in the sin2 2a 2 Dm2

phase space. This result is the most stringent limit to da
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FIG. 4. Excluded region of sin2 2a and Dm2 for nm ! ne
oscillations from this analysis at 90% confidence is the area
the right of the dark, solid curve.

for thenm ! ne oscillation forDm2 . 25 eV2. We also
testednmsnmd $ nesned universality and found the ratio
of thenm-to-ne cross section to be1.026 6 0.025sstatd 6

0.049ssystd.
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